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Section 1 

INTRODUCTION 

The pr imary  objective of this report  is  to summarize the resul ts  

of measurements  which were performed on the Nimbus breadboard electronic 

scanning antenna a r r a y .  This se r ies  of measurements  was intended pr imar  - 
i ly to establish the radiometric beam efficiency and to measure  the dissipa- 

tive l o s s  of the Nimbus a r r a y  over its range of scan angles, k50°.  Also, it 

was desired to quantitatively relate the measured  radiometr ic  temperature  

of an  object filling the main beam of the antenna. 

Since the radiometer receiver had been accurately calibrated for 

absolute temperature measurements using the cold load bench tes t  set  ( see  

Appendixes A and B) ,  it  was the best available instrument for performing 

the antenna measurement and, a l s o ,  provided for an  overall system func- 

tional checkout of the breadboard model. 

These measurements were performed a t  Table Mountain, California, 

at  a n  altitude of 7200 feet ,  thus minimizing the atmospheric absorption contri-  

butions to the zenith sky temperatures.  A photograph of the tes t  si te is shown 

in  Figure 1-1 .  

Details of the theory behind the measurements  and of how the meas- 

The r e -  urements  were actually performed a r e  discussed in  Sections 2 and 3 .  

sults and conclusions of the measurements a r e  discussed in  Sections 4 and 5, 
respectively. 

Appendixes A, B and C describe the calibration of the radiometer ,  

the cryogenic bench test  si te and the zenith sky temperature .  
cusses  the sun drift  curves  which were obtained by allowing the sun to drift  

through the antenna response, i. e.,  the antenna pattern. 

Appendix D dis- 
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Section 2 

ANTENNA LOSS A N D  E F F I C I E N C Y  
MEASUREMENT TECHNIQUES 

2 . 1  INSERTION LOSS A N D  E F F I C I E N C Y  EQUATIONS 

The objectives of this ser ies  of t e s t s  were to establish the radio- 

me t r i c  efficiency of the antenna a r r ay  and to quantitatively relate  the radio- 

me t r i c  temperature  a t  the antenna output to the brightness temperature of a n  

object filling the antenna beam. 

i t s  energy from the pr imary beam (i. e .  

this energy to its output. 

as  a consequence of side lobes, the power received in the main beam is r e -  

duced. 

the main beam, the ratio of the power received with a given antenna compared 

to the incident power will be re fer red  to he re  a s  the radiometr ic  beam e f f i -  

ciency of the antenna. The sum of radiation received f rom objects intercepted 

by the side lobes adds an  additional power output to the antenna output which i s  

termined radiometric background temperature .  

within the antenna and associated feed s t ructures  attenuates both the main 

beam and side lobe components of the received radiation and adds a re rad i -  

ation component to the total power available a t  the antenna output port .  

the power output of a practical receiving antenna may be described in  t e r m s  

of two components of incident radiation, the antenna dissipative insertion loss 

of the antenna, the antenna beam efficiency, and an associated reradiation 

component . 

An ideal antenna is  one which receives  all of 

side lobes = 0 )  and t ransmits  all of 

Practical antennas diverge f rom this ideal in  that,  

F o r  a given incident power from a source completely subtended by 

Dissipative loss occurring 

Thus, 

L i s t  of Definitions 

= power incident from main beam 
pim 

P. = total incident power from side lobes 

E = antenna main beam efficiency 

1s 

= antenna dissipative insertion l o s s  
a L 
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Lis t  of Definitions (Continued) 

= power input to receiver f rom main beam 

= power input to receiver f rom side lobes 

= antenna l o s s  power component 

r m  

r s  

P 

P 

Pt 

= radiometr ic  antenna brightness tempera tures  Tim’ Tis 

= zenith sky temperature 

= radiometer  output temperature  

Z 
T 

TR 

t = thermal  temperature of antenna 

= thermal  temperature of absorbing disk 
td 

k = Boltzman’s constant 

B = receiver  predetection bandwidth 

The three components of power available at the output port  to the 

rece iver  a r e  ( s e e  l i s t  of definitions): 

- EPim - -  
a L a .  The main lobe component P rm 

a Pt c .  The antenna 10s s reradiation component 

These power components may  be related to  radiometric brightness 

tempera tures  of the objects i n  the main and side lobes and to  the thermal  t em-  

pera ture  of the dissipative elements in  the antenna s t ruc ture .  

that the main beam observes  a uniform brightness tempera ture ,  T and that 

all of the side lobes observe a uniform brightness temperature ,  7,. and that 

the antenna l o s s  elements have a thermal tempera ture ,  t .  

available to  a receiver  at the antenna port  i s ,  then: 

It is assumed 

im’ 

The total power 
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I t  wi l l  be  assumed that ,  within the bandwidth B ,  the antenna character is t ics  

a r e  initially uniform. 

both the antenna and the receiver input a r e  sufficiently well impedance- 

Furthermore,  it is assumed that within this bandwidth 

matched to the 

ser t ion l o s s  is 

The 

given by 

inter connecting transmission line so that any intervening in- 

purely dissipative, i. e .  , negligible power reflection. 

radiometric temperature of the antenna TR output is ,  thus, 

The pr imary  objectives of the measurements that were conducted at  Table 

Mountain were to accurately ascertain the values of E and L using this 

equation. 
a 

The antenna i s  a two-dimensional planar a r r a y  which is  electronf- 
0 0 cally scanned over a range o f f  50 i n  approximately 2 . 5  s teps .  Thus, i t  

was necessary to determine the values of L and E at a sufficient number 

of angular portions within this range to permit a n  accurate determination of 

their variation a s  a function of scan angle.  

a 

In the following tes t  procedures the radiometer itself is assumed 

to be calibrated sufficiently well to allow absolute temperature  measurements .  

The calibration of the radiometer is exclusive of the antenna and is  described 

in Appendix A. 

2 . 2  BASIC TESTING PRINCIPLES 

The principles underlying the tes ts  and reasoning leading to the 

particular test  approach wi l l  now briefly be discussed pr ior  to their  detailed 

de scription. 
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F r o m  the equation for TR it is  apparent that i f  the incident tern- 

were both zero,  then a measurement of TR by the pera tures  Ts and 

radiometer and t by a precision thermistor would permit  L to be 

computed as 
a 

t L =  a t - TR 

Although zero  values for Tim and Tis a r e  impossible, since the minimum 

radiometr ic  brightness temperatures available for the antenna are  limited by 

atmospheric absorption at zenith and the isotropic universal  background ra- 

diation, atmospheric absorption can be minimized by locating a t  a relatively 

high elevation where water vapor absorption i s  greatly reduced. F o r  this 

reason,  Table Mountain with an  elevation of 7200 feet was selected as the 

test  s i te .  

was approximately 8 K and ascertainable to a n  accuracy of 

Under c lear  sky conditions the zenith sky temperature  observed 
0 0 2 K .  

If both T. 

zenith temperature ,  

and Tim could be made approximately equal to the 
1s 

T , then the equation for Tat is Z 

Then 

Z 
t - T  

L = -  
a t - T R  

and Tim can be made nearly equal by placing a reflecting In practice,  

surface a t  the back and flaring out along the sides of the antenna so that the 

side lobes a r e  reflected into a cone centered a t  zenith. 

and 2 - 2 ) .  

Ti s 

(See Figures  2-1 

Under clear sky conditions the atmospheric absorption var ies  only 

very slightly for small  angles from the zenith and, thus, 

actual values of T Z  used during the course of these measurements  were cal- 

culated as discussed in  Appendix C. 

antenna temperatures  obtained by observing the radiometer output temper - 
a ture  a s  a function of zenith angle. 

portion of T R 
a r r a y  antenna. 

Tis 3 Tim. The 

can also be determined f rom the T 
Z 

Under these conditions, the predominant 

will be due to the reradiation from the insertion l o s s  of the 
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Figure 2-2.  Reflectors  Positioned Around Antenna Array  
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The antenna lo s s ,  La, was measured for  different thermal  tem-  
0 pera tu res  of the antenna a t  0 beam position. The l o s s ,  La, should be some- 

what independent of the thermal  temperature  of the antenna. The thermal  tem-  

pera ture  range that was obtained i s  4 C to 35 C by taking advantage of the nat-  

u ra l  ambient temperature  range and using electr ical  hea t e r s .  

0 0 

The next s tep i s  to find the efficiency E of the antenna. This w a s  

accomplished by placing a disk-shaped, black-body target  i n  the main lobe 

of the antenna pattern.  

out to the null points a t  a distance of approximately 3 5  feet above the antenna. 

(See F igures  2 - 1  and 2 - 3 ) .  The thermal  tempera ture  of the disk, Td, was 

monitored by a calibrated thermistor .  

signal, the disk w a s  centered i n  the beam. 

the null points, the accuracy’of the measurement is not a strong function of the 

disk centering. 

The disk was shaped to  f i l l  the main lobe of the antenna 

By maximizing the radiometer  output 

Since the disk fills the beam a t  

i s  now given by *R’ 

E td ( 1 -  E)  T Z t(La - 1 )  

The antenna output temperature,  

- 
a + L  a + L  TR - - 

a L 

Since the efficiency, E,  of the antenna is known from the antenna pattern 

measurements  to be near 0 . 9 ,  the l o s s  L -2dB,  and T Z  M 8OK, the second 

t e r m  in  the above equation i s  The lo s s ,  La, is known f rom the p r e -  
a 

vious measurement ,  and the thermal tempera tures  of the disk, 

antenna, t ,  a r e  monitored. The antenna radiometr ic  output tempera ture  is 

measured and from the above f o r m u l a  the efficiency calculated. 

contains a description of the test  procedure which was followed during the 

course of these measurements.  

td, and the 

Section 3 

2 . 3  SKY HORN MEASUREMENT 

The antenna lo s s  a t  several  beam positions may a l so  be measured 

by comparing a standard gain horn (Scientific Atlanta, Model No.  1 2 -  18 S / N  3 6 )  

with the antenna a r r a y .  This  was done a t  two beam positions by connecting the 

standard gain horn and a precision variable attenuator on the calibration port  

and the antenna a r r a y  on the antenna port  ( s e e  Figure 2-4) .  

uator w a s  positioned so a s  to present equal readings on the calibration readout 

and antenna readout. This  was performed a t  both Oo and + 1 6 O  beam positions. 

Then the atten- 

SCC 9 3 9 R - 7  Page 2 - 7  



93~048 

Figure  2-3. Absorbing Disks Posit ioned Above Antenna Ar ray  
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Section 3 

TEST PROCEDURE 

3 .1  STEPS FOLLOWED DURING TESTS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

SGC 939R-7 

The radiometer was recalibrated with the cryogenic bench tes t  
set  on arriving at Table Mountain before proceeding with the 
tes ts  of the antenna. A calibration curve is shown in Figure 
3-1 for liquid nitrogen filling the bench tes t  set  cryoflask. 

The radiometer and antenna were mounted on a pedestal with 
the cryogenic load attached to the cold reference waveguide 
port  ( see  Figure 3 - 2 ) .  

The antenna coil currents were set  to produce the 0 
sition and the antenna was mechanically oriented to point the 
beam at  the zenith. 
to rs  to get a n  estimate of the energy in the back lobes. 

0 beam po- 

A measurement  was made with no reflec- 

The reflectors were p h c e d  around the radiometer to shield the 
antenna from the ground. 

The radiometer output was recorded for  five minutes by means 
of the digital printer, both with and without a polyfoam enclo- 
sure  to measure  the effect of this enclosure. 

During the measurement of Step 5, the following parameters  
were a l so  recorded: 

a. Ambient air temperat.ure 

b. Humidity 

c .  Barometr ic  pressure  

d.  Sky cover 

e. Thermal temperature of antenna at  center and two edges 
of a r r a y  

f .  Temperatures within the antenna and radiometer enclosure 

g. Temperature distribution along cold load feed l ine 

F rom the data of Steps 5 and 6,  the antenna loss  in dB was 
c a1 c ula t e d . 

Page 3-1 
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8 .  By means of towers a disk of absorbing mater ia l  was posi- 
tioned over the antenna s o  that i t  filled the main lobe out to  the 
null points. (See Figure 3 - 3 .  ) The height of the disk above the 
zntenna was approximately thirty-five feet. 

9. The radiometer output was then recorded for five minutes by 
means of the digital printer. 

10. During the measurement  of Step 9, the following parameters  
were also recorded: 

a .  Ambient a i r  temperature 

b. Humidity 

c. Barometric pressure  

d. Sky cover 

e. Thermal temperature of antenna at  center and two edges 
of a r r a y  

f .  Temperatures within the antenna and radiometer enclosure 

g. Thermal temperature of absorbing disk 

h. Temperature distribution along the cold reference load 
feed line 

i. Height of disk above antenna 

j .  Motion of disk (estimated) 

11. The disk 's  position was then moved while observing the radiome- 
t e r  output to maximize the temperature recorded a t  the output of 
the radiometer,  and data taken, a s  discussed in Steps 9 and 10. 

12. F rom the measurements in  Steps 10 and 11 and the antenna loss  
calculated in Step 7 ,  the percentage of energy in the main lobe 
of the antenna was calculated. 

13. The antenna coil currents  were then se t  to position the antenna 
a t  other beam positions and  the measurements  described in Steps 
2 through 12 repeated. In a l l  cases  the antenna was tilted m e -  
chanically so  that the main beam pointed a t  the zenith. 

14, The above measurements  were repeated for  the scan angles of 
approximately -45, -31, -16, t16,  t31, and t45,  in  that o rde r ,  
repeating the procedure i n  Steps 5 through 1 2 .  
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Figure  3-3. Absorbing Disk Over Antenna A r r a y  
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15. From the above measurements,  the antenna 105s and percent- 
age of energy in the main lobe of the antenna have been deter-  
mined for  the scan angles of -45O,  -31°, -16O, Oo, f 1 6 O ,  +31°, 
+15O,  and this data was compared to the antenna loss  and beam 
efficiency obtained from the antenna pattern measurements 
and the antenna loss  obtained from the measurements  of the 
loss of individual components. 

16. The standard gain horn was then connected to the cold reference 
load port  through a precision variable attenuator and some addi- 
tional waveguide. 
the radiometer output was then recorded. 

The attenuator was se t  on 0 dB setting and 

17. Comparison of the calibration output and antenna output readings 
were made. Additional attenuation was inser ted via the variable 
attenuator until the calibration output and antenna output readings 
were nearly equal. 

18. The connecting line from the standard gain horn, including the 
precision attenuator, was then estimated to have 2. 5 dB loss .  

SGC 939R-7 Page 3-6 



Section 4 

TEST RESULTS 

The two measured antenna parameters  of major importance a r e  

the antenna insertion lo s s  and beam efficiency. 

ured  while at Table Mountain were the sky zenith temperature  and the tem- 

pera ture  of the sun. 

relation on the antenna lo s s .  

beam efficiency are included below. 

as  those values obtained f rom the integration of antenna patterns a s  meas- 

ured  a t  the SGC antenna range. 

Secondary quantities meas-  

These measurements a l so  provide some degree of co r -  

Sample calculations of the insertion lo s s  and 

Table 4-1 l i s t s  these quantities a s  well 

4 . 1  INSERTION LOSS AND BEAM EFFICIENCY 

The equation for the insertion l o s s  was presented in Section 2. 

This  equation was derived assuming that all the incident energy f rom the 

main antenna beam as well a s  f r o m  the side lobes and back lobes of the an-  

tenna is  f rom the sky. This condition is presumably established by placing 

a reflecting surface at  the back and flaring out along the s ides  of the antenna 

a s  shown in Figure 2-1. 

back lobe level,  a measurement of the sky temperature  was performed a t  0 

beam position, both with and without the ref lectors .  

sulting antenna temperatures  shows that the total energy in  the back lobes 

i s  less than 0. 5 percent and that the reflectors do some good, although i f  

they were not used only small e r r o r s  would resul t .  

To determine the reflector effectiveness and/or the 
0 

A comparison of the r e -  

Next, several  measurements were  performed, both with and with- 

out the polyfoam enclosure which housed the receiver  and antenna. 

measurement resulted in  the somewhat intriguing fact that the antenna l o s s  

was slightly l e s s  - with the enclosure on than with i t  removed. This  may be 

attributed to the fact that antenna reflection losses ,  although thought to be small 

enough to be ignored, were measurable with such a sensitive rece iver .  

effect of the polyfoam is to improve the impedance match f rom a VSWR value 

This 

The 
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Cold L o a d ,  NZ 

Cold L o a d ,  N2 

Ref Horn  

Cold L o a d ,  N 2  

Cold L o a d ,  N 

2 .  52  

2 .  66 

2 . 4 9  

87.  3 

Table 4- 1 

TEST RESULTS 

B e a m  Eff ic iency  
I n s e r t i o n  L o s s  I MeasySTment s  

( d B )  

Antenna T h e r m a l  
Tern  e r a t u r e  

g C  

T Z '  

UK 
Calcula t ion  

B e a m  Eff ic iency  
R e f e r e n c e  C a l c u l a t i o u  

Load B e a m  P o s i t i o n  

O0 

O0 

O0 

O0 

O 0  

O0 

O0 

2.  2 ' 6 6  60 I 8 i . 3  

+ 4  

t 1 4  

t 1 7 .  I 

+ 1 8 . 4  

+19. 1 

+ 2 8 . 9  

t 3 5 . 7  

I 89 2 . 5 7  

0' Avg 

t16O + 3 7 . 2  6 .  5 

+3 lo 

t 3  lo  

+31° 

+ 1 2 . 4  

+18. 1 

+19 .4  

+31° Avg 

+18. 5 

+16. 3 

8 . 5  

8 .  5 

+45O 

+45O 

R e f .  H o r n  

Cold L o a d ,  NZ 

Cold L o a d ,  N2 

R e f .  H o r n  

Cold L o a d ,  N2 8 8 . 6  

Cold  L o a d ,  N, 

I 8 2  
2 .  64 

+45O Avg 2 . 7 0  + . 0 6  1 
2 3 .  1 

18. 5 

6 .  5 

7 

F a i l  Safe  

F a i l  Safe  

89 .  5 

2. 2 ' 4 6  5 8  I 
F a i l  S a f e ,  Avg 2 . 5 2  i . 0 6  

2 .  52  9 0 .  5 

2 . 5 7  81 

- 1 6 O  6 +3 5 

-31° + 4 . 7  8 

-45O 

-45O 

2 . 7 9  

2 . 7 4  

80  I 7 8 . 6  

- 1  

+ 3 5 . 7  

7 

7 

Cold L o a d ,  N2 

Cold L o a d ,  N2 

-45' Avg 2 . 7 6 5  + .  025 I 
NOTES: * T h e  d i s k  d id  not fill t h e  m a i n  b e a m  of t h e  a n t e n n a  during t h e s e  m e a s u r e m e n t s  
**Beam e f f i c i e n c i e s  w e r e  not c a l c u l a t e d  for all s c a n  a n g l e s .  
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of, say,  1. 2 to a value of 1 .  1. 

values but a r e  only mentioned here to show the relative values of impedance 

match under discussion. 

with and without the enclosure, i s  on the order of . 0 4 6  dB and will  be neg- 

lected since the antennatemperature difference for the two cases  was on 

the o rde r  of 1°K. 

These numbers a r e  not quoted measured 

The resulting antenna insertion lo s s  difference, 

Table 4-1 lists the measured antenna insertion losses  and meas- 

ured beam efficiencies when using the radiometer rece iver .  Also included 

i s  the thermal temperature of the antenna and the assumed value of T Z  f o r  

each individual measurement .  

beam efficiency calculated when using individual antenna patterns taken a t  

the center operating frequency of the antenna. 

were  performed using a standard gain horn as the calibration load, while 

the majority were performed using a cryogenic load cooled to the boiling 

point of liquid nitrogen. 

the two conditions. 

ficiency a r e  shown below for  a beam position of t16.  2 O .  

by the equation 

A column is also provided which lists the 

Several of the measurements  

Reasonably good correlation was obtained between 

A sample calculation of the insertion l o s s  and beam ef- 

The loss  is  given 

Z 
t - T  

L =  a t - TR 

where all quantities were definedpreviously. Values of t ,  TZ ,  and TR 

used a re  

t = 311. Z°K (a measured thermal  antenna temperature)  

T = 6. 5 K (a  calculated zenith sky temperature)  

TR = 150°K (a measured radiometric antenna temperature)  

0 
Z 

Thus, 

L =  311 '2  - 6 * 5  = 1 . 8 9 0  = 2.765 dB 
a 311.2 - 150 

Included in this loss  is a waveguide connection f rom the antenna port  to the 

radiometer input. 

be subtracted from the La value obtained above, thus yielding a value of 

La '  = 2. 50 dB. Beam efficiency i s  given by the equation 

This waveguide has  a measured  l o s s  of . 266  dB and must  
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- T Z - t (La - 1) E =  La T~ 
td - T Z  

F o r  the above insertion loss,  the following values of temperature were used: 

t = 310.3OK (a measured thermal  antenna temperature)  

td 

T = 6.9OK (a  calculated zenith sky temperature)  

TR = 283,5OK (measured radiometric antenna temperature)  

E =  

= 290.3OK (a  measured absorbing disk temperature)  

Z 

1.890 (283.5)  - 6 e 5 -  310.3 ( - 8 9 0 )  = 90$ 
290. 3 - 6. 5 

Notice that the insertion loss  of the waveguide connection from the antenna 

port  to the radiometer input i s  included in  this calculation. 

because the radiometric antenna temperature is measured  at  the radiometer 

input port .  

data. 

This is  necessary 

This input port i s  the reference plane for all measured radiometr ic  

4 . 2  ERRORS IN INSERTION LOSS DUE TO UNCERTAINTIES I N  
TEMPERATURE MEASUREMENTS 

The expression for  antenna insertion loss  contains three tempera-  

ture  t e r m s ,  two of which a r e  radiometric temperatures  while the other i s  a 

thermal  temperature .  

of these quantities result  in an  overall uncertainty o r  e r r o r  in  values of in-  

sert ion lo s s .  The maximum uncertainty in L is given by 

Uncertainties in the measurement  or  assumed values 

Typical values of these quantities a re :  

t 5 270 - 300°K .5'K 

- 140 - 150OK & 1°K TR 

T =~r 6 - 8OK f 2 O K  
Z 
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Under the worst  combination of these values of t empera ture  the maximum 

uncertainty i s  : 

144(. 5 )  + 264(1) 

130  ( 1  3 0 ) 2  ( 130)2 
AL = I_ 2 t  

= . 0154 t . 00435 t ,0161 = . 036 

F o r  L = 1 . 9  

_ _ _ - -  AL - e 036 - 1.9% = . 18 dB e r r o r ,  maximum 
L 1 . 9  

This  i s  the maximum possible e r r o r .  

o r d e r  of I . 0 6  dB. 

The rms  e r r o r  i s  probably on the 

4.3 BEAM EFFICIENCY ERRORS 

The equation for beam efficiency was der ived in  Section 2. In a 

different form it is: 

E r r o r s  in  the tempera ture  measurements ,  both thermal  and radiometr ic ,  

and i n  the antenna insertion lo s s ,  resul t  in  uncertainties i n  the antenna ef-  

ficiency measurement .  

main beam with the disk a r e  negligible compared to other e r r o r s .  

It will be assumed he re  that e r r o r s  in  filling the 

The total maximum e r r o r  i n  measuring E i s  the sum of the e r r o r s  

i n  measuring each of the quantities in  the above expression for 

will be discussed separately below. 

E .  These 

The uncertainty in  E due to uncertainties in  L a r e :  a 

ITR - t bL I  
= td - T 

Z L 

This  t e r m  w i l l  add the most uncertainty to the total, since the uncertainty 

in  L is somewhat l a rge  for this measurement.  F o r  the typical values 
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= 260°K, t = 290°K, td = 290°K, 

= 
T Z  = 9OK 

TR which occur ,  i. e .  , 

and for  the value of AL . 028 calculated previously AEL equals 3%. 

The following typical values for the other variables in  the equation 

a r e :  

= 1.9 ,  TR = 260°k, T = 9OK, t = 290°K, td = 290 
La Z 

AL,. 5 .028 ATR = 1°K AT = 1°K At = .5OK Atd = 2OK 
Z 

The uncertainty in E due to uncertainty in TR is given by 

La IATR\  
- - = . 6755 - T  A E ~ ~  td Z 

The uncertainty in E due to uncertainty in T i s :  z 

The uncertainty in E due to the uncertainty is t is  

AEt - - 
td - T 

Z 

and the uncertainty E due to 

= .16$ 

the uncertainty in  td 

- T - t [La - 1)IItd I 
- ILa T~ Z = .56$ 2 td - T Z  AEtd - 

It i s  interesting to note that the uncertainty in  the disk temperature ,  although 

somewhat la rge ,  does not contribute appreciably to the overall  uncertainty. 

The total maximum uncertainty i s  the sum of these,  o r  

BEC = 4.465% 

The rms  e r r o r  is  on the order  o f f  1 .5%. 
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4 . 3 . 1  SKY HORN MEASUREMENT RESULTS 

When the standard gain horn and attenuator were connected as  the 

calibration load, the attenuator was positioned to obtain equal output readings 

on the antenna output and calibration output. Fair ly  good correlation was ob- 

tained between this rough insertion loss  measurement and the method described 

in  Section 2 .  For  the two beam positions used the resul ts  a r e  as  follows: 

Beam Position 

O0 - Insertion Loss of Cold Horn Waveguide Run t16.  2' 

Precision Attenuation Reading (meas .  ) 1.55 dB 1.  60 

Residual Loss a t  0 dB (meas .  ) .46 dB a 46 

.21 L O S S  of w/g ( m e a s . )  .21  dB 

Loss of Standard Gain Horn (est .  ) 

L e s s  the Loss of Antenna Feed 

Total Loss ,  Approx. 

.20 dB . 2 0  

2.42 dB 2.47 dB 

- 7  27 -. 27 

2.  15 2 . 2 0  

These values a r e  approximately . 2 5  dB lower than obtained by the more  exact 

method although they indicate that the antenna loss i s  indeed grea te r  than 2 dB. 

This measurement is  interesting i n  that no value of the zenith temperature  and 

no value of the calibration port (cold reference load) temperature  a r e  required.  

4 . 4  SKY TEMPERATURE MEASUREMENT 

A measurement of the sky temperature  was performed a t  an  elec-  

The antenna was t i l ted mechanically to ob- t r ica l  beam position of t 31. 2 O .  

se rve  five different angles f rom the zenith. The sky temperature  is  given by: 

T Z = t - L a  ( t  - TR) 

where a l l  t e r m s  have previously been defined. 

i s  given below: 

A table of these measurements  
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z T Angle from Zenith 

t 11° 8. 08'K 

t 31' 9 .  9Z°K 

-!- 45O 10. 89'K 

+ 60' 16.43OK 

i- 76O 27. 58OK 

The e r r o r  in  this measurement can be quite pronounced for such a la rge  an -  

tenna lo s s ,  although the calculatedvalue for this measurement was 7.9OK a t  

zenith position (OO). 

T 

Due to the e r ro r  i n  antenna lo s s  alone the uncertainty in 

is  typically 3OK, not a small  number in comparison. z 

Calculated values of the sky temperature  have been made for this 

altitude (p re s  sure) ,  humidity and ambient temperature  utilizing several  well- 

known references.  

with the value measured with this antenna. 

The calculated values of f rom 6 - 9OK ag rees  quite well 

(See Appendix C. ) 

4 . 5  SUN-DRIFT CURVES 

For  antenna beam positions of t16O and +3 1. Z0 the antenna was 

pointed with the main beam looking directly a t  the sun by maximizing the out- 

put signal.  

drifted through the antenna response curve,  i .  e .  , the antenna pattern. F r o m  

this data the antenna half-power beamwidth was measured  and the sun 's  

brightness temperature  calculated. 

pattern as  well f rom the measurement.  

Then, the output of the radiometer was recorded while the sun 

I t  i s  possible to obtain the antenna 

Two sun-drift curves were made at t3 1 . 2 O ,  one using the standard 

gain horn a s  a reference load, the other using the cold reference load filled 

with liquid nitrogen. One drift curve was made a t  +16 using the cold r e f e r -  

ence load, this being done on a different day than the two measurements  a t  

t3 1. 2'. Plots of these responses a r e  shown in the figures of Appendix D. 

0 
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Position 

t16' 

t 3 1 .  2O 

t 3 1 .  Z0 

Table 4-2 shows the half-power beamwidths and sun temperatures  

obtained from these measurements ,  a s  well a s  the half-power beamwidths 

obtained f rom antenna patterns measured a t  the SCC antenna range a t  a single 

frequency. 

of 0 .  1 

on the antenna range were for the two principal planes of the antenna, while 

the sun-drift path was slightly skewed from the 8 reference plane. 

discussed further in Appendix D, along with the sun temperature calculations. 

This measurement assumes  that the antenna pattern i s  symmetrical ,  a con- 

dition which is closely approximated. 

The accuracy of the measurements in  either case i s  on the order  

The patterns measured 0 thus reasonable correlation w a s  established. 

This is 

Sun-Drift Curve 0 8 Temp. 

2.91'  2 .44O 2.98O 7080°K 

3.02 '  2.  71° 2 . 9 8 O  7100°K 

3.04 '  2 . 7 1 °  2.98O 7200°K 

A further discussion of the sun-drift measurements  can be found 

in Appendix D.  

Table 4 - 2  

MEASUREMENTS 

~~ ~ 

Elevation 
Angle, 

Sun 

44O 

34O 

23O 

I Principal Plane I I 
Beamwidth from I ~. ]Measured Beamwidth f rom Antenna Range Sun Electrical 

I I 1 
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Section 5 

CONCLUSIONS 

Absolute measurements  of the major character is t ics  of any 

antenna which i s  intended for radiometric applications rely upon the use 

of resist ive sources  at  known temperatures;  sources  heated and regulated 

by resis t ive networks and control amplifiers, a s  well a s  sources  main- 

tained at cryogenic tempera tures  have been very useful and practical .  

These sources  a r e  necessary  not only in providing comparison standards 

fo r  the antenna brightness temperatures  but also to accurately calibrate 

the radiometer  receiver  used i n  performing the measurements .  The ac-  

curacy of these radiometric sources determines to a large degree the ac-  

curacy  of the antenna parameter  measurements.  

contribute to the overall  accuracy to be sure ,  among the most  important 

being the antenna thermal  temperature.  

In addition, other factors  

The resul ts  of these measurements on this particular antenna 

show that the calculated values of e r r o r s  expected a r e  i n  close agreement 

with those actually observed. For example, the average insertion loss  at 
Oo beam position was found to be 2.57 t . 0 9  dB which includes variations 

with temperature .  

below this range of e r r o r s .  

- 
At a l l  other beam positions, the loss  averages fell 

Some refinements in the beam efficiency measurement  a r e  evi- 

dently necessary; however, the measurements where the disk did not f i l l  

the main beam were performed on days when the winds were very  gusty, 

not the best  condition under which to perform this particular measurement .  

The average value of three beam efficiency measurements  at Oo beam posi- 

tion when performed under more ideal conditions was  87. 570 t 1. 570, which 

ag rees  quite favorably to a value of 88. 9 percent obtained from a single f r e -  

quency pattern integration. 

radiometrically,  i. e .  , broadband integration using the radiometer receiver  

as a measuring device, would be somewhat different than values obtained at  a 

- 

It is expected that the beam efficiencies measured 
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single frequency. 

lower efficiency since the antenna i s  optimized at the center frequency 

but this  was not t rue  

In most cases  the radiometr ic  measurement  will give 

for a beam position of -16O. 

The antenna loss  i s  appreciably higher than the design goal of 

1. 3 dB but the beam efficiency is quite close to the design goal of 92 percent. 

The antenna has  proved to be electronically steerable and the radiometer 

was proved to have a sensitivity of less  than 0. 7OK and capable of perform- 

ing absolute measurements  of better than - t l°K. It mus t  be further pointed 

out that this breadboard unit, including the radiometer receiver  and elec-  

tronically steerable a r ray ,  operated over a range of temperature  approxi- 

mately equal to the specified values of O°C to .+ 5OoC. 

The sun temperature  measurement proved to be quite interesting. 

Generally accepted values of the sun temperature  at  radio frequencies a r e  

approximately 6000 K from the submillimeter band down to approximately 

1 c m  (30 GHz). At this point the temperature of the quiet sun var ies  up to 

a maximum value of 1 million K at a wavelength of 5 me te r s .  

c m  band the temperature is  generally believed to be from 6 , 0 0 0  to 10,000 OK 

and according to  this measurement i s  around 7 ,  lOOoK a t  1. 5 cm.  

0 

0 In the 1 to 2 
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A. 1 

Appendix A 

BENCH CALIBRATION OF MICROWAVE RADIOMETER 

INTRODUCTION 

This radiometer is of the Dicke-type with an additional R F  switch 

inser ted  between the Dicke switch and antenna ( s e e  Figure A-1) .  

of the additional switch is to allow switching from the antenna port  to a cal-  

ibration port where a fixed known temperature load i s  placed. 

measurement  of the system gain i n  t e r m s  of radiometric temperature a t  

regular intervals.  

The purpose 

This allows 

Calibrating this type of radiometer is relatively straightforward.. 

The two external microwave inputs a r e  labeled the antenna port  and the cal-  

ibration load port ,  respectively. These two ports ,  together with a third port 

terminated in a hot radiometric reference load, constitute the three inputs 

to the microwave switching network located between the signal antenna and 

the rece iver .  These ports  a r e  as labeled in  Figure A-1. 

In the discussions devoted to the radiometer calibration procedures 

the following assumptions a r e  made: 

a .  The voltage reflection coefficients associated with the micro-  
wave switches (cal  switch, S I ,  and Dicke switch, S2) a r e  
sufficiently small so that the mismatch insertion l o s s e s  a r e  
negligible compared to the dissipative components of the 
forward direction insertion losses .  

b.  The impedance mismatches of the terminations on P o r t s  1,  
2, 3 ,  4 and 5 a r e  sufficiently low so that all power reflection 
coefficients are  less  than ( i .  e . ,  VSWR < 1 .  06) .  

c .  The intrinsic isolation between two adjacent ports  of the c i r -  
culator switches i s  sufficiently high so that the observed i so-  
lation is  determined solely by the power reflection coeffi- 
cient of the third port. 

d. The input circulator of the receiver  has  sufficiently high iso-  
lation so that the excess temperature  of the receiver  as  seen 
a t  Po r t  5 is  within 1°K of the thermal ambient temperature  
of the receiver .  
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e .  The isolation of the input circulator of the receiver i s  suf- 
ficiently high so that the receiver gain is totally independent 
of any impedance variations introduced by the switching net- 
work to the left  of Por t  5. 

With these conditions satisfied (o r  nearly so) i t  is  possible to re la te  

the radiometr ic  temperature  of the switching network outputs at Por t  5 to the 

radiometr ic  temperatures  of the terminations a t  Po r t s  1, 2 and 3 ,  the in se r -  

tion losses  of the transmission paths, and the thermal  temperatures  of these 

lo s ses .  

The -radiometric temperature outputs corresponding to the various 

combinations of the settings of the switches a r e  ( s e e  l i s t  of definitions): 

s1 s2 i n  T 

1 or 2 

1 

3 

4 

2 T = -  T 2  t 
L25 in 4 

List  of definitions f o r  t e rms  in  equations a r e  a s  follows: 

radiometric temperature of the terminations at Por t s  
n = 1,  2 a n d 3 .  n T 

insertion loss from P o r t s  n = 1 ,  2 and 3 and Por t  5 .  Ln5 

thermal  ambient temperature of the t ransmission paths in  
Tamb the switching network 

G radiometer gain coefficient, volts per  degree Kelvin. r 
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SIfice the Dicke switch i s  switching between Positions 3 and 4 a t  a 
periodic ra te  and the calibration switch is switched only a t  non-periodic in te r -  

va ls ,  the radiometer output voltages a r e  

Position of S1 I Output Voltage 

2 v02  = 'r 

Terminations 2 and 3 a r e  used a s  radiometr ic  references to establish 

the overall  system gain and, thus, provide an  absolute scale which relates  the ' 

radiometr ic  temperature a t  Por t  1. 

Absolute measurements  of gain and antenna temperatures  may be 

accomplished in  two ways. 

be accurately known as well a s  their thermal  temperature ,  Tamb. 

measuring the output voltage under the two switch positions of S 1' 
for T1.  

The f i rs t  method requi res  that L15, LZ5 and L35 
Then, by 

one can solve 

A somewhat simpler way to achieve the absolute gain is to make all 

the lo s ses  equal (i. e . ,  L15 = LZ5 = L35),  which resul ts  in the following 

equations: 

Position of S1 Equation I 
1 

2 

The losseq may be equalized by adding some dissipative lo s s  to 

whichever t ransmission paths require i t ,  taking the value of the path with the 

greatest  loss  as  the final value of L .  

perature  range the three losses  must be equal to within 0 .  03 dB to cause a n  

e r r o r  of l e s s  than 1°K. 

Over a 330°K antenna brightness t em-  
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When the conditions of equal l o s s  a r e  established the gain constant 
is measured  whenever the calibration switch is switched to the termination, 

T2 
v 0 2  

T 3  - T2 
Gr '  = 

and, thus,  

= T3 vo 1 
( T 3  - T2)  

It is apparent f rom the above equations that,  i f  the insertion lo s ses  

in  a l l  th ree  t ransmissions paths i n  the switching network a r e  equalized and 

P o r t s  1, 2 and 3 a r e  terminated i n  equal temperature  loads,  the radiometer  

zero  is  established. 

tempera tures ;  thus, a zero check can be performed for any termination 

tempera tures .  

Also, the output is independent of the three  termination 

The f i r s t  stage of the radiometer calibration consists of establishing 

the radiometer  zero setting and equalizing the switching network insertion 

lo s ses .  This equalization eliminates the dependence of the radiometer cali-  

bration on the ambient temperature of the switching network, provided the 

inser t ion lo s ses  a r e  sufficiently constant within the required 0 to 5OoC a m -  

bient temperature  range. Even i f  the insertion lo s ses  vary slightly the t em-  

pera ture  dependence is  greatly reduced to a point where any corrections r e -  

quired using the switch (module) temperature monitor output should amount 

to l e s s  than 3'K over the f u l l  range of 0' to 50 C ambient.  

0 

0 

A.  2 STEPS IN BENCH CALIBRATION 

A . 2 . 1  RADIOMETRIC ZERO SETTING AND EQUALIZATION O F  
MICROWAVE SWITCHING NETWORK INSERTION LOSSES 

A. 2 . 1 . 1  RADIOMETRIC ZERO SET 

The R F  portion of the radiometer is brought to a n  ambient tem- 

pera ture  of 35 C together with all th ree  of the matched terminations.  F o r  

this condition the radiometr ic  temperature  presented by the switch output 

0 
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Por t  5 to the receiver  input i s  independent of the insertion l o s s  associated 

with a particular selection of Por t s  1,  2 and 3 .  Consequently, the radiom- 

e t e r  output voltages corresponding to S1 positions 1 and 2 should both be 

equal to zero .  

ponding to the radiometr ic  zero point calibration. 

this measurement a r e  described i n  the paragraphs following. 

This procedure provides an  output voltage reference c o r r e s -  

The individual s teps  of 

Place the radiometer in an oven stabilized to within f 0. 5OC a t  

The hot re ference  load heater is disconnected and matched waveguide 35OC. 

loads a r e  placed on the two external waveguide ports  normally occupied by 

the signal antenna and the cold reference.  

Calibrated thermis tors  a r e  placed on each of the two external loads 

These three  and a l so  on the aluminum block housing the two f e r r i t e  switches. 

t he rmis to r s ,  together with the monitor thermistor  i n  the internal reference 

load, a r e  continuously monitored to provide a r eco rd  of the termination tem-  

pera tures  and the temperature  of the fe r r i te  switches. 

Sufficient t ime must be allowed with the radiometer operating in 

the temperature  controlled oven to insure  that the switches and loads on t em-  

pera tures  become equalized and stabilized to within f 0 . 2  C. 

tion the radiometer output voltage is measured a t  the output of the synchronous 

detector by means of a n  operational amplifier integrator housing a 10-second 

( 6  dB per  octave) integration t ime. 

0 In this condi- 

This wi l l  resu l t  in  the peak-to-peak fluctuations of the radiometr ic  

output voltage originating from receiver thermal  noise to correspond to ap-  

proximately 0 . 4  peak-to-peak fluctuations in  the radiometer input temper - 
a tu re .  It i s ,  thus, apparent that i f  the measurement  is to be l imited only to 

rece iver  thermal noise, then fluctuations in the thermometr ic  temperature  of 

the receiver  source must  be smaller ,  e .  g . ,  f 0. 2 K occurring a t  a periodi- 

cally l a rge  t ime compared to the integration t ime.  

0 

0 

The output voltage is then recorded simultaneously with the four 

thermistor  bridge output voltages and a timing marks  with a calibrated six- 

channel chart  r eco rde r .  

SGC 939R-7 Page A - 6  



8 
I 
I 
1 
I 
I 
I 
I 
I 
B 
8 
8 
8 
8 
I 
I 
I 
8 
I 

The radiometer output vnltage is then observed under the following 

conditions: 

a .  With R F  Switch SI set  at the signal antenna Por t  1 

b. With the Switch S2 set  at the cold reference Por t  2 

c .  With the 600 cps drive removed f rom the modulator R F  
Switch S2. 

NOTE: The radiometer output voltage (previously measured 
in the pick-up and ground-loop t e s t s )  with modulator Switch 
S2 operating but with the receiver  input disconnected f rom 
the switch output t y  means of a metal  window a c r o s s  the 
guide connecting the Switch S2 output to the rece iver  input 
isolator ,  gives the component of radiometer output voltage 
due to electromagnetic coupling between the Switch S2 drive 
coil and the video amplifier.  

The difference between the average of the voltages measu red  in  

Step a and Step b,  and the output voltage measured in  Step c ,  (above paragraph)  

gives the magnitude and sign of the radiometer output which is the summation 

of the voltages resulting f rom any slight thermal  differences in  the switches 

and terminat ions,  synchronous variation of the reflection coefficients looking 

into Switch S f rom the receiver  direction, and electromagnetic pickup of the 

600 cps by the video amplifier due to ground loops and electromagnetic coupling 

f rom the drive coil of the modulator Switch S 

pickup voltage has  been previously measured,  the difference is  the radiometer 

output component resulting from small temperature  differences and synchron- 

ous modulation of the reflection coefficient presented to the rece iver .  

2 

Since this  ground loop and 2 '  

Although it i s  anticipated that this quantity wil l  correspond to  a 

temperature  difference of l e s s  than 1°K it i s  important to obtain quantitative 

verification. 

The difference of the output voltage magnitudes obtained in Steps 

a and b is indicative of the degree to which the temperatures  of the external 

port  terminations differ f rom each other and any differences in their  im- 

pedance match. 
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From a previous approximate calibration of the radiometer i t  is 

The possible to re la te  these voltages to relative temperature  differences. 

voltages obtained in Steps a ,  0 and c should each correspond to l e s s  than 1°K 
temperature  difference. 

The average of Voltages a and b then correspond to zero radio- 

me t r i c  temperature  difference within the l imi t s  of the experimental ability 

to measure  temperatures  of the three sources  and the switches. 

With the radiometer zero point established the insertion l o s s  equal- 

ization of the switching network can be initiated. 

A. 2 . 1 . 1 . 1  EQUALIZATION O F  INSERTION LOSS FROM PORTS 1 AND 2 
TO PORT 5 

Place two 65OC hot loads on Por t s  1 and 2 with the reference hot 

2 '  load remaining a t  the 35OC ambient temperature  of the Switches S1 and S 
Then, observe the radiometer output voltage and observe with Switch S1 set  

at  Por t  1 and then a t  Port  2 .  Then, interchange the loads on Por t s  1 and 2 ,  

and again observe the output voltages with S1 set  a t  1 and a t  2 .  Designating 

the two se ts  of voltages as  v vbl9 a n d v  

e te r  voltage output due to any radiometric temperature  difference in  the two 

sources  is  given by 

vb 2,r e spe ctively , the radiom - a 2 '  

while the radiometer output voltage due to difference in  the insertion losses  

L15 and L 2 5  is proportional to  

(ya vb)l  -k Iva - Vb 1 2 
2g 

AT = 

where g, the approximate radiometer 

of the average voltage output increase 

radiometer zero output by the relation 

SGC 939R-7 

gain coefficient, is  expressed i n  t e r m s  

'V'  over the previously established 
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- ’J - v 
‘H - To (65 - 35)”K g =  

the difference between the two attenuations L 

the indicated radiometric temperature difference AT. 

and LZ5 is determined f rom 

assuming 

= L~~ (1 t 6 ) ,  and (L15 - 1 )  << 1 
L15 

T < Th 
0 

The differential attenuation 6 equals 

AT 6 =  TH - T 
0 

attenuation is added to the lower attenuation input port until AT in the above 

equation is  reduced to 0.  2 K .  

cate approximately 0. 08 dB corresponding to an initial value of ST = . 02 and 

AT= 6 K .  

0 Previous insertion lo s s  measurements  indi- 

0 

A. 2 .  1 . 1 . 2  EQUALIZATION O F  INSERTION LOSS FROM PORT 3 to PORT 5 

With Por t s  1 and 2 giving the same radiometric indication, the 

heating element in  the reference hot load on Por t  3 i s  then activated, allowing 

at leas t  one hour for the temperature to stabilize to the value T = 65OC. The 

radiometer output is  then observed with the Switch S1 in  either position 1 o r  2.  

Now, all th ree  ports a r e  terminated in  the same temperature  to within the a c -  

curacy of the monitor thermistors  i n  the three hot loads.  If the insertion l o s s  

L35 equalled L15 and LZ5,  the radiometer output voltage would be equal to the 

previously determined radiometric zero  value. The same procedure of inter - 
changing hot loads is used to eliminate the effects of load temperature differ- 

ences and attenuation is added to transmission path 35 until the output voltage 

equals the radiometric zero  value with f 0. 2 K. 

H 

0 
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A.  2 . 1 . 1  e 3 CHECK O F  TEMPERATURE SENSITIVITY O F  INSERTION LOSS 
EQUILIZATION 

0 Maintaining the hot loads on the three ports  a t  65 C ,  the ambient 

temperature  of the radiometer is  then very slowly (over a period of four hours)  

reduced to O°C and the output voltage change observed. 

thermis tors  readings remain unchanged then any change in the output voltage 

is a readiometric zero shift resulting either f rom a gain change in  the receiver 

electronics o r  more likely from attenuation unbalance resulting from attenua- 

tion change with temperature in the fe r r i te  Switches SI and S 2 .  The same ob- 

servation should be made with a 50 C ambient temperature  for the radiometer .  

Repeating these measurements should permit  correlation of readiometric zero 

drift  with ambient temperature and, thus, allow the derivation of a radiometric 

data correction factor for use with the switch monitor thermistor  data output 

record;  e .  g . ,  in the above measurements a s  the ambient is changing i t  should 

be possible to obtain a repeatable curve of radiometric zero shift as  a function 

of the switch temperature monitoring thermistor .  

If the load monitor 

0 

A .  3 RADIOMETER CALIBRATION WITH EXTERNAL RADIOMETRIC 
TEMPERATURE REFERENCES 

The radiometric zero setting and the insertion l o s s  equalization of 

the switching network is completed. 

age ve r sus  varying antenna port  temperature for several  different values of 

fixed temperature  terminations on Por t  1 can be performed. Interchanging 

the radiometric sources with the various fixed temperature  terminations on 

Calibration of the radiometer output volt- 

the antenna Por t  1 and varying the cold reference Por t  2 termination should 

produce the same radiometric output. 

different ambient temperatures  between O°C and 5OoC and employing, i f  nec- 

e s sa ry ,  any ambient temperature dependent correction factors previously de-  

termined in  Section A. 2. l .  l .  3 ,  should establish the absolute accuracy to 

which the radiometric temperature of the antenna port can be ascer ta ined 

f rom the radiometric output voltage and knowledge of the hot and cold r e f -  

erence ports  radiometric temperatures and the switching network ambient 

temperature .  

Repeating these procedures for several  
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When these steps in the basic calibration procedure have been com- 

pleted, a n  accurate  temperature  calibration curve may be obtained using the 

cold load bench tes t  s e t  described in Appendix B.  Such a curve was obtained 

using this bench tes t  set  and i s  shown in Figure A-2 for both liquid nitrogen 

and liquid helium. 

is the recipr ical  of the slope of the calibration curve.  

two conditions i s  different due to the nature of the radiometer AGC, which i s  

discussed in the original proposal to NASA Goddard for the entire radiometer  

(SCC P-6308). 

Note that the gain of the system in counts per  degree Kelvin 

The gain under these 

The value of the offset is  roughly 2 counts o r  1°K. 

The radiometer sensitivity was measured and found to be consistently 
0 bet ter  than 0 . 6 6  K rms,  which i s  somewhat bet ter  than the required specifica- 

tion of 0 .  70°K. 
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B. 1 

Appendix B 

COLD LOAD TEST SET 

INTRODUCTION 

The purpose of the cold load bench tes t  set  i s  to provide an  ac- 

cura te  temperature  calibration of the radiometer response a s  a function of 

antenna brightness temperature .  Secondary resu l t s  of such a calibration 

a r e  to  provide a l inear i ty  check and to cor re la te  previous measurements  

of the amount of offset  produced when the radiometer antenna temperature  

is  equal to the radiometer Dicke temperature;  i. e . ,  the temperature  of the 

hot load located inside the radiometer module. 

of the calibration curve.  

to values obtained in  previous bench calibrations.  

cedure used will be described below. Once the radiometer response is e s -  

tablished, the radiometer may then be used to measure  the antenna param- 

e t e r s  and to perform absolute radiometric measurements .  

This i s  done by extrapolation 

The value of offset obtained may then be compared 

The exact testing pro-  

B. 2 DESCRIPTION O F  THE COLD LOAD TEST SET 

Briefly, the cold load tes t  set  i s  constructed as follows: two 

matched terminations a r e  heat-sunk to  a Texas Instruments '  cryoflask. 

The vacuum seal  of this f lask is maintained by the inser t ion of two matched 

mica  windows into the flange which is sealed to the side of the cryoflask. 

Two lengths of waveguide join this flange to another flange which is  the output 

port of the bench tes t  set. 

ion attenuator, the other contains only various sections of waveguide. 

attenuator a r m  connects to the radiometer antenna port, the other goes to 

the radiometer calibrate port. 

liquids such as nitrogen or  helium to bring the loads down to the liquid tern- 

pera tures .  

One waveguide a r m  contains a calibrated p rec i s -  

The 

The cryoflask may be filled with cryogenic 

A block diagram of the tes t  set  i s  shown in Figure B-1. 

Since the resul tant  radiometric tempera ture  of a load a t  a desig- 

nated temperature  is a function of various power t ransmiss ion  parameters  
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existing between the observation port and the load, the numerous losses  pre-  

sent (both dissipative and reflective) must  be known to a considerable degree 

of accuracy. 

wave ratios of both a r m s  were measured. The same measurements  were 

made with the individual a r m  components a s  well as with the mica window 

and the plated waveguide inside the cryoflask itself. 

With this end in  view, the total insertion losses  and standing 

The Hewlett-Packard precision attenuator used in the antenna a r m  

was measured  for residual insertion loss  at four different settings: 0, 3, 6, 
and 9 decibels. 

slightly (and in a linear fashion with attenuation), interpolation of the meas-  

u red  losses  to obtain losses  fo r  other attenuator settings poses no problem. 

The drift  of the attenuator with a 5OoC temperature  range was also meas -  

u red  and found to be negligible (approximately 0 .  005 dB). Incidentally, the 

0-decibel residual loss  of 0 . 4 6  decibels causes  the apparent temperature  of 

the attenuator a r m  to be always greater than that of the calibration a r m .  

Since this residual loss  is either constant or  increases  

To know the radiometric brightness temperature  of the bench tes t  

set  to within 1/2'K or  l e s s ,  i t  was necessary  to make all insertion loss  meas -  

urements  on the SGC insertion loss tes t  set ,  which i s  modeled after the tes t  

set  proposed by C. T. Stelzried and S. M. Petty of JPL in the IEEE Transac-  

tions on Microwave Theory and Techniques. 

the a r t ic le ' s  summary: 

The following is a quotation of 

"A simple,  accurate test set  has been devised for measuring 
insertion losses  a t  microwave frequencies. 
almost entirely of commercially available equipment and 
components. The short- term j i t ter  is about 0 . 0 0 0 4  dB peak- 
to-peak, and long-term drift i s  typically 0.  0015 dB per hour. 
Accuracy of the measurements depends upon the value of the 
insertion loss  to be measured and is better than t 0.001 to 
t 3 percent for  insertion losses  inthe 0 to 25 dB range. These 
accuracies  include the non-repeatability of connecting and dis - 
connecting the waveguide flanges used in  the system. 

It is composed 

- 

The accuracy of the SGC tes t  set  i s  believed to be better than 0 .  003 dB for 

small  losses .  

VSWR measurements  of the waveguide sections, attenuator, and 

Both the VSWR and window were made on a Hewlett-Packard slotted line. 

the phase of the reflection coefficient were measured  for each i tem. Attenuation 
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I 
I measurements  for  each piece of waveguide and the attenuator were made a 

number of t imes  on the insertion loss tes t  set  to minimize e r r o r s  due to 

drifts  in  the tes t  set. 

for loss .  

Averages were taken to determine the various values 

B. 2 OUTPUT TEMPERATURES O F  THE COLD LOAD TEST SET 

Computations of apparent brightness temperature  were ca r r i ed  

out using the model i n  Figure B-2 for the tes t  set. 

a. 

b. 

C.  

d. 

e. 

The load i s  assumed to be at  the boiling point of the cryo-  
genic liquid in  the flask. 
tL, and i t  gives the matched termination a radiometric 

brightness temperature,  TL. 

This i s  thermometric temperature ,  

Between the termination and the mica window is a length 
of stainless steel  waveguide with a constant loss  per unit 
length and a linear temperature  distribution between the 
boiling point temperature of the cryogenic liquid and the 
prevailing ambient temperature .  
t and tA, respectively. 

These temperatures  a r e  

L 

The equivalent radiometric temperature  seen at the output 
of the guide i s  given by T = TL t ( tA - tL ) ( l  - l / L l ) / l :  eq 
where 1: = 0.  23026 L1 (dB); Note that TL is  numerically 
equal to tL. 

The temperature  seen just  past the mica window due to r e -  
flective losses  only i s  given by: 

-. 
- IT7 I') 

This i s  the equation representing power delivered to a m i s -  
match load by a mismatch generator.  
of r and I: a r e  required in  the denominator. 

When the dissipative loss  of the window i s  taken into ac-  
count, the resulting radiometric temperature  is  given by: 

Note that the phases 

1 2 

T1 = T ' / L ~  t t,(1 - I / L ~ ) .  
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f .  Reflections between the mica  window and the external wave- 
guide cause m o r e  loss .  
i s :  

The equation for this reflective loss 

g. The dissipative loss of the external waveguide a r m s  is 
taken into account in the same manner as the window loss ,  
since the waveguide i s  a t  the constant temperature  tA. 

This gives the output temperature  of the bench tes t  set  as: 
TF = T " / L 3  t tA ( 1  - l / L 3 ) .  

h. The output temperature,  TF, of the tes t  set  i s  - not the 

same a s  that seen by the radiometer  because the set  pre-  
sents a cer ta in  VSWR to the radiometer and, hence, r e -  
f lects a cer ta in  portion of the radiometer 's  own brightness 
temperature  back into the radiometer  itself. 

cor rec ted  for by adding the t e r m  IT4\' tA to the output t em-  

peratur e ,  TF. This is the apparent brightness temperature  

seen by the radiometer. 

This can be 

B. 4 ERROR ANALYSIS 

For  losses  l e s s  than 0 . 5  dB, the equivalent temperature  at the out- 

put of the stainless steel  waveguide may be expressed accurately as :  

T = TL t . 1 1 5 ( t A -  tL) L 
eq 

The maximum uncertainty in  T i s  then given by: 
eq 

The loss  of this section of waveguide i s  approximately 0 .  06 d B  
and i s  known to well within t 0 . 0 0 3  dB. For tA - t L  - - t 210°K and - 

3 t 0 .  2OK the uncertainty in AT is  
eq A(tA - tL) - 

AT = I ATL\  t . 0 7 2  t . 0014 = ( (ATL) t .0734) 
eq 
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The boiling point of the cryogenic used is known very well (see 

Table B-1) for various pressures .  

of the resis t ive portion of the load i s  felt to be l e s s  than 0 .  1°K resulting in  

an uncertainty in AT 

The uncertainty in  the actual temperature  

of l e s s  than . 175OK. 
eq 

For the reflection loss  equations, we have: 

AT'  = AT [mismatch  fac tor ]  t A(mismatch factor te rms)  T 
eq eq 

Since 7 ' s  a r e  always < e l ,  the mismatch factor is usually . 999X, 
where 1 < X 5 9 and X is  known to - t 2 from measurement .  

A(mismatch factor t e r m s )  s 

Hence, 

eq' 
and the t e r m  of significance is still AT 

Further  analysis indicates that the significant e r r o r  still  l i es  i n  

the uncertainty in the load temperature,  TL, which determines to  a great 

degree the uncertainty in  T All other t e r m s  combined add a negligible 

amount to  the uncertainty in  TF, because of the accuracy of the insertion 

loss  measurements  and the negligible effect of the small  reflections. 
accuracy of T is then equal to the accuracy in  knowing T Since AT = 

.175OK, one can perform an absolute calibration of this radiometer to  within 

- t 1 

eq' 

The 

F eq' eq 

0 
K with a high degree of probability. 
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Table B - l  

CRYOGENIC BOILING POINTS 

P r e s s u r e  
I I Mm. Hg. 

1 I 
10 

40 

100 

400 

1 7 6 0  

Temperature  

Helium 

1.3'K 

1.8OK 

2. Z°K 

2.6OK 

3 .  9OK 

4.2OK 

Nitrogen 

47. O°K 

54. O°K 

59. 1°K 

63.4OK 

72.2OK 

77.3OK 

Boiling Points of Liquid Helium and Nitrogen 
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The expression in  the denominator of the third equation indicates 

the necessity of making phase measurements.  However, a sample calcula- 

tion shows that e r r o r s  made by assuming the denominator is  equal to 1 .0000 

a r e  negligible; that is ,  they a r e  about equal to one par t  i n  10 . 4 

The relevant equations were solved for sixty discrete  values of am- 

bient temperature  and for four attenuator settings, using a n  IBM System-360 

computer.  

radiometr ic  temperatures  a t  the antenna and calibration ports  as  a function of 

both ambient temperature and attenuator setting for both liquid nitrogen and 

liquid helium. 

The resulting printouts ( see  Tables B-2 and B - 3 )  give the apparent 

To use the tes t  set  a s  a calibration device, one must first note 

the ambient temperature and pressure.  

ing point of the cryogenic liquid used in the flask, and the temperature deter-  

mines the apparent output temperature as  r ead  f rom the computer tables.  

ferences in boiling points may be added directly to the computed resu l t s  with 

negligible e r r o r .  

The p res su re  determines the boil- 

Dif- 

After connecting the test set  to the radiometer through waveguide 

sections whose loss i s  precisely knowns one actuates the radiometer and 

gathers  several  frames of digital output. 

a ture  counts is  computed, as is the average of all the calibration port  counts. 

This is  done for a number of attenuator settings on the tes t  set .  

bration count is found to drift ,  the antenna average for a given run may be 

corrected by multiplying it by the ratio of the first calibration count to the 

calibration count for the run of interest .  

The average of 100  antenna temper-  

If the C a l i -  

It is now possible to plot antenna counts ve r sus  radiometric t em-  

perature .  The resulting graph should be a straight l ine,  but only i f  the ap- 

parent cold load temperatures  a r e  f i r s t  subtracted f rom 339.  0 degrees  Kelvin, 

the temperature  of the Dicke load inside the radiometer .  It thus becomes ap -  

parent that as  the radiometric temperature increases ,  the difference between 

i t  and the Dicke temperature  becomes smaller  and the output count diminishes. 

The intercept on the graph where this temperature  equals zero gives a residual 

count which ideally should also equal zero but which, in  fact ,  is on the o rde r  

of this counts, o r  about 1 degree Kelvin? a value which ag rees  with the offset 

obtained in the measurements  described in  Appendix A .  
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Appendix C 

ZENITH SKY TEMPERATURE 

In this section the effective radiometric temperature of the sky 

in  the zenith direction will be calculated for the 19. 35 GHz region. Con- 

tr ibutions to the zenith temperature ,  Tz, consist  of three sources of radia-  

tion; that from the cosmic background, Tb; that f rom the radiation due to 

the oxygen i n  the atmosphere, 

vapor in  the atmosphere,  

; and that f rom radiation due to the water 

The zenith temperature ,  Tz ,  i s  given by: 

Tb t T T H 2 0  L TZ = - 
O2 

where L i s  the total zenith loss  due to the O2 and H 2 0  attenuation. 

The cosmic black body radiation has  only recently been dis-  

covered. (1 ) (2 ) (3 )  It appears to be isotropic, unpolarized and constant with 

r e g a r d  to seasonal variations.  In addition, f rom the l imited number of ob- 

servations made and from theoretical considerations, it appears to be in-  

dependent of frequency. A measured value for this radiation at a frequency 

of 4080 MHz by BTL'l) ,  using a low-noise hog-horn antenna, is 3. 5O - t 1°K. 

Other values measured  for Tb have ranged from 2-4OK. 

ment is  a difficult one to perform,  the value for Tb is  sti l l  not accurately 

known. 

3. 5 O  - + 1°K will be used. 

Since this measu re -  

However, for the purpose of these measurements  a value of 

The absorption of oxygen and water vapor gases  a t  microwave 

frequencies has  been studied theoretically by Van V l e ~ k ' ~ ) ,  and the resultant 

radiant temperatures  due to oxygen and water vapor have been calculated 

by based on a standard model of the atmosphere shown i n  Figure C-1. 
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Figure C-1. Model of The Earth Assumed in Calculations 
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Attenuation due to  oxygen i s  the resul t  of resonances of the 

oxygen molecules at 60 GHz. 

blend together to give a width of approximately 0.  5 to 1 GHz. 

Due t o  p re s su re  broadening, the l ines 

A curve of temperature  versus  frequency for  various zenith 

angles i s  shown i n  Figure C-2. (5) This i s  based on a standard atmosphere 

with a sea  level p re s su re  of 760 mm and a temperature  of 290°K. 

19. 35 GHz, we a r e  well out on the skirt  of the absorption curve and ob- 

tain a temperature  of 3.4OK. Since the measurements  were taken at a 

7200-foot elevation, the absolute barometric p re s su re  range was 588 to 

5.94 mm/Hg.  Thus, the radiated temperature would be reduced by ap- 

proximately the rat io  of the barometric p re s su res  to a value of 2 .64  K. 

The ambient temperature  at 7200 feet ranged f rom 270°K to 288OK. 

low values of attenuation the radiometric temperature  i s  approximately 

a l inear  function of ambient temperature range and will be 2.46OK to 2.62OK. 

For the purpose of these measurements,  an average value of 2.5OK will be 

used. 

At 

0 

For 

The atmospheric absorption due to the water vapor resu l t s  f rom 

a resonance line at 22.5 GHz. 

tu re  ve r sus  frequency for various zenith angles due to the presence of water 

vapor. (5) This i s  based on a water vapor content of 10 g / m 3  at sea level, 

l inear ly  decreasing to  0 g / m 3  at  an altitude of 5 Km. 

19. 35 GHz, the temperature  is a rapid function of frequency since it is close 

to the resonance frequency, 22.5 GHz making it more  difficult to obtain an 

accurate  value of TH o. 

Figure C-3 shows the radiometr ic  tempera-  

At a frequency of 

2 

= 11.6OK is obtained for the 
H2° 

From Figure C-3, ava lue  of T 

zenith at  19. 35 GHz. 

THZO wil l  be approximately a linear function of the absolute humidity. The 

absolute humidity, p, is expressed in  g r a m s / m 3  and was calculated for each 

data run  f rom the recorded air temperature and the relative humidity. The 

relative humidity was frequently low ( 0  - 15 percent) where it is difficult to  

measure  accurately. Fortunately, however, the radiometr ic  temperature  

contribution i s  small  for low moisture content. 

For  low attenuation values such as we have here ,  

Also, the sky was completely 
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Figure  C-2. Zenith Temperature Contribution from Oxygen 
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c lea r  for most  runs with the exception of a few runs  having high thin 

c i r r u s  clouds below a 60° zenith angle. 

a lso above the temperature inversion layer which frequently occurs  at 

lower altitudes in the Lo3 Angeles basin, making the standard atmosphere 

curves  of Figure C-1 applicable. 

Being at  7200 feet, the si te was 

The following table l i s t s  the radiometric temperature received 

from the zenith a s  a resul t  of water vapor attenuation alone a s  a function 

of absolute humidity for the extremes of ambient temperature,  tA, of 

-3OC and 17OC. 

Table C-1 

ATMOSPHERIC ZENITH TEMPERATURES 

1 
T H 2 0  (for tA= 17OC), THZO (for tA = -3OC) 

(Absolute Humidity) 

3 
0 gm/m 

0 . 5  
1 

2 

3 

4 

5 

10  

O°K 

0. 6 
1 . 1  

2 . 2  

3. 3 

4. 5 

5. 6 
11. 1 

O°K 

0.6OK 

1.2OK 

2.4'K 

3.6OK 

4.8OK 

6OK 

12OK 

The absolute humidity ranged from 0 to 3 gm/m3 for all runs.  

for p = 3 g m / m  , we get a zenith temperature Combining T and T 

due to  the atmosphere of 4. 9OK. This i s  equivalent to a total attenuation 

of 0. 98,which attenuates the galactic background temperature  by a small  

amount f rom 3. 5OK to 3. 4'K. 

3 

H2° O2 

Table C -2 summarizes  the zenith sky temperatures .  
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Table C - 2  

ZENITH TEMPERATURE 

Water Vapor 

T H2° Total Tz 
Absolute Cosmic Background Oxygen T 
Humidity Tb O2 

3.5OK 2. 5OK O°K 6. O°K 
3 

0 g m / m  

0 . 5  3. 5 2 . 5  0 . 6  6. 6 

3. 5 2 . 5  1 .1  7. 1 1 

2 

3 

3. 5 

3.4 

2. 5 2. 3 8. 3 

2. 5 3.4 9. 3 

3. 3 2. 5 4. 6 10.4 4 

5 3. 3 2. 5 11. 6 17. 2 

Since the absolute humidity was < 3  g / m  3 during the measurements  the 

zenith temperature range was 6-10 0 K during the runs.  While the e r r o r  in 

absolute value of the zenith temperature is probably t 2OK the relative 

values a r e  probably accurate to t 0. 5OK for different runs.  

zenith temperature is low the effect on the accuracy of the antenna meas -  

urement  i s  small ,  a s  discussed in the previous sections. Additional 

references on atmospheric radiation a r e  ( 6 )  and (7) which include the ef- 

f ec t s  of clouds and precipitation. 

- 
Since the - 
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Appendix D 

SUN DRIFT CURVE 

Since the sun i s  a strong source of thermal  radiation at microwave 

frequencies and i s  relatively small  in  angular size it can be used a s  a source 

for calibrating the antenna and radiometer. 

f o r m  ac ross  the disk and i s  equal to 6000°K or greater  at 19 GHz. 

angular diameter i s  32.4mi'nutes of'arc:.$ 

the optical diameter  a r e  a lmost  equal. 

The temperature  of the sun i s  uni- 

Its optical 

At 19 GHz the radio diameter  and 

By taking a cut of the sun  with the antenna, the antenna pattern can 

be obtained. 

signal received f rom the sun. 

is allowed to  drift through the antenna pattern. Because the sun moves through 

the sky at a constant 15O of a r c  per hour in right ascensionor  hour angle with a 

smal l  change in declination LO. l0/day),  t ime can be converted into angular 

movement in degrees.  

the cut through the antenna pattern will be determined by the sun's path for that 

t ime of day. 

This i s  accomplished by positioning the beam t o  maximize the 

Then the mount i s  left stationary and the sun 

Since the sun t ravels  in a curved path the direction of 

At noon the sun i s  moving in azimuth only. 

If the sun were a point source the drift curve would be the same as 

the antenna pattern. 

will appear t o  be broader.  

the source width can be calculated for a uniform source"). 

the source diameter,  in degrees,  equaled the half-power beam width, the 

broadening would be 20 percent. 

beamwidth of 3 O  and a sun diameter of .54O the broadening would be 5 percent. 

Since the sun has a finite diameter the antenna pattern 

The observed pattern broadening a s  a function of 

For  example, i f  

For the case of the Nimbus antenna with a 

The absolute temperature of a uniform radio source i s  related to 
i2 ). the antenna temperature  by . 

T a = Ts (2) 
s <<k fo r  R 
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where 

TA = antenna input temperature 

T = source temperature 
S 

2 
nA = antenna beam a rea ,  rad  

= source solid angle, rad  0 s  

(2). The antenna solid angle nA i s  related t o  the half-power beamwidth by . 

where 

8 = half-power beamwidth in 8 plane, rad. 

@ = half-power beamwidth in @J plane, rad. 

= main beam efficiency F M  

F r o m  the above equations we have for a circular  source: 

where 

0 = angular width of source 
S 

Since the dimensions of the angles cancel they may be expressed in  degrees 

or radians. 

Correcting for the atmospheric attenuation we have: 
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where 

L = attenuation due to  water vapor and oxygen 

T = total sky temperature received outside source solid angle 
sky 

= temperature  received due t o  oxygen and water vapor inside 
To2H20 source solid angle 

Figures  D-1, D-2, and D-3 a r e  sun-drift curves taken with the 

Nimbus antenna for  Run Nos. 9, 10, and 35. 

The calculated sun disk temperature  and one-half power beam 

widths of the antenna a r e  summarized in Table D-1. 

The measured beamwidth was neither of the principal phase beam- 

widths because the sun drifted through a plane slightly skewed f rom either of 

these planes . 
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